Summary The effects of cellular glutathione depletion by buthionine sulfoximine on the development of thermotolerance and synthesis of heat stress protein was studied. Cellular glutathione levels were found to increase rapidly following an acute heat treatment of either 12 min at 45.5°C or h at 43°C and remain elevated for prolonged periods. Glutathione depletion and prevention of glutathione synthesis by buthionine sulfoximine resulted in inhibition of the development of thermotolerance and a decrease in total protein as well as specific heat stress proteins. While the degree of inhibition of thermotolerance was similar for both glutathione depletion protocols, inhibition in heat stress protein synthesis was greater when glutathione was depleted to low levels prior to heating. The possible role of glutathione and the cellular redox state to thermotolerance and synthesis of heat stress protein is discussed.
There has been increasing evidence suggesting a possible correlation between synthesis of heat strces protein (HSP) and thermotolerance (Tanguay, 1983 Li & Webb, 1982) . The mechanism by which these proteins may providc protection as well as the molcular events that lead to their expression is not known. Recently, we have demonstrated that thermal stress also results in alteration of the cellular oxidative-reductive state . Glutathione (GSH), a compound that plays an integral role in maintenance of the cellular redox state (Chance, 1979) and detoxification (Jakoby, 1980) , was found to increase rapidly upon thermal stress . In addition, if GSH was depleted prior to heating at 42.5°C with diethyl maleate (a sulphydryl trapping agent) or if GSH synthesis was inhibited by D,L-buthionine-S-Rsulfoximine (BSO) (Griffith & Meister, 1979; Dethmers & Meister, 1981) during heating, thermotolerance induction was inhibited ). To study further the possible role or relationship of the cellular redox state in the thermal response we report here the effects of GSH depletion by BSO on HSP synthesis and thermotolerance induction for two different heating protocols.
Materials and methods

Cell culture
Chinese hamster V79 cells were grown in F12 medium supplemented with 10% foetal calf serum, penicillin, and streptomycin. Exponentially growing stock cultures were maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air.
Cell survival was assessed by colony forming ability where the plating efficiency consistently ranged from 80-95%. Medium pH was maintained between 7.2-7.4 for all experiments.
Thermotolerance induction/GSH depletion Cells from stock flasks were removed by trypsin, counted and between 0.5-1.0 x 106 cells plated into a number of 75 cm2 plastic flasks. The flasks were incubated at 370C 12-16 h prior to experimental procedures. Two heating protocols were used to induce thermotolerance. Cells were either: (a) initially heated for 1 h at 43'C, incubated at 37TC for 5 h and then reheated at 43°C; or (b) heated 12min at 45.5°C, incubated for lOh at 37°C and then reheated at 45.5°C. For both heating protocols, the effects of GSH depletion were studied by pretreating with lOmM D,L-buthionine-S,R-sulfoximine (BSO) Teitz (Teitz, 1969) . GSH levels for control cells ranged between 0.5-1.0 Mig 0 -6 cells and all determinations were made in triplicate.
Gel electrophoresis Heat stress protein synthesis was monitored by incubating the cells at various times in methionine free F12 medium containing 10 juCi ml-1 of 35S-methionine (New England Nuclear, -1,100 Ci mM-1) for I h. Following incubation, the cells were rinsed 3-4 times in cold PBS, scraped from the flasks, and 106 cells were aliquoted in 0.1 ml PBS for each experimental determination. The cells were treated with 0.1 ml 2X lysis buffer (0.12 M Tris-Cl pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol) then heated to 85°C for 5min. Equal protein quantities of the various treatment samples were evaluated by electrophoresis, which was done on 32x 18cmx 1.5mm slab gels using 10% polyacrylamide with 1.3% crosslinking using the method of Laemmli (1970) . Bio-rad protein markers were used as standards. Gels were developed with the silver stain technique (Merril, 1981) Table I ). When BSO is added just prior to heating, a gradual decrease in GSH was observed (45.5B and 43B).
The effects of GSH modulation on survival and thermotolerance induction are shown in Figure 1 .
Figure l(a) shows thermotolerance induction using a 12 min 45.5°C exposure followed by incubation at 37°C for times indicated on the curves and reexposure to 45.5°C. The 0-min survival point represents survival following the initial 12 min 45.5°C exposure. The curve marked 45.5-0 h is without an interfraction interval at 37°C aCells were pretreated for 4 h with BSO. GSH was <55% at the time of initial heat treatment.
BSO remained on the cultures throughout the 37'C incubation period.
'BSO was added 10 min prior to heating and left on throughout the 37'C incubation period. Heat stress protein (HSP) and total protein synthesis was determined for the various heating schedules described above and are shown in Figure  2 and Table II. Figure 2(a) illustrates the pattern in HSP synthesis following the 12 min 45.5°C exposure. The initial heat treatment clearly inhibited total protein synthesis (45.4-0h, also see Table II ). Recovery of total protein synthesis and HSP synthesis are shown in the 5 and 10 h post- Figure 3 . Pre-BSO treatment when GSH was < 5% prior to heating resulted in the greatest inhibition of specific HSP (B45.5-10 h, Figure 2 (a), Figure 3 ). BSO added immediately prior to heat treatment also results in decreased quantities of HSP that are intermediate between heat treatment alone and pre-BSO treatment. Thermotolerance development as measured by survival for both GSH depletion protocols was similar (Figure 1(a) ) despite the difference in specific HSP synthesized. Since we had previously shown that BSO pretreatment or BSO added just prior to heating does not appreciably sensitize cells to continuous heating at 45.5°C , the sensitization observed in the present study in regard to thermotolerance is not a result of inherent sensitization by BSO. It should be noted that prolonged BSO treatment of control cultures partially inhibited total protein synthesis as shown in Table II . The inhibition observed was gradual with time and may have resulted as an indirect cellular effect of prolonged GSH deprivation . Quantitative densitometry measurements showed that a non-specific protein such as actin (43 Kd) was inhibited by BSO treatment to the same extent as the specific HSP studied (data not shown). This probably reflects an indirect effect resulting from prolonged GSH depletion, however we cannot rule out direct toxicity from BSO. Similar data are shown in Figure 2 (b) and Table  II (Chance, 1979) , in protection from oxidation stress brought about by oxygen metabolism (Chance, 1979) , and in detoxification of toxic compounds through reactions with GSH transferase (Jakoby, 1980) . The maintenance of the necessary ratio of reduced to oxidized glutathione has been reported to be involved in regulation of protein translation (Kosower et al., 1972) . Additionally, cysteine metabolism has been linked with glutathione in that GSH may be an intracellular storage depot for the more labile and toxic cysteine (Cooper, 1983; Meister & Anderson, 1983) . BSO was selected in these studies to deplete GSH by virtue of its selectivity; however, the indirect effects of prolonged depletion of an important compound such as GSH may afford yet other stresses for which the cell must adapt. For example, while the plating efficiency for unheated GSH depleted cells remained virtually unchanged over 10 h, total protein synthesis was decreased (see Table II ). Moreover, since cysteine is a necessary amino acid for protein synthesis, the decrease in total protein synthesis as seen by monitoring actin synthesis can be construed as an indirect effect of GSH depletion.
Nevertheless, this does not obviate but rather emphasizes the importance of GSH in cellular regulation.
While thermotolerance development was decreased for GSH depleted cells, it was not completely inhibited. This may imply that GSH asserts a partial role in maintenance of cellular integrity required for the development of thermal tolerance induction. Another interpretation is that despite our lack of detection of GSH, different cellular pools of GSH might only be partially or more slowly depleted by BSO, and hence the partial thermal tolerance response. We are currently pursuing the issue of selective pools of GSH and how these may effect thermal tolerance induction. The possibility of low levels of endogenous HSP being present prior to heating has been reported (Anderson, 1982) . This possibility has not been ruled out for V79 Chinese hamster cells. Other methods of induction of thermal tolerance and/or HSP synthesis such as ethanol Li, 1983) or arsenite (Landry and Chretien, 1983) have been shown to increase intracellular levels of GSH Henle et al., 1983) .
Unfortunately, each chemical may have multiple effects that may negate the final outcome, i.e., the induction of thermal tolerance. This is clearly seen with arsenite pretreatment of cells; HSP synthesis is seen without thermal tolerance induction (Landry & Chretien; . The underlying mechanism(s) for HSP synthesis and/or thermotolerance expression are not well understood. Considerable data are accumulating which supports the premise that (Ashburner & Bonner, 1979; . Consequently, GSH metabolism should play a major role in cellular thermal adaptation.
The data presented here support this concept and further studies are underway to clarify the role of oxidative stress during hyperthermia.
